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Hedgehog (Hh) signalling is essential for several aspects of embryogenesis 1, 2 . In Drosophila, Hh transduction is mediated by a cytoplasmic signalling complex [3] [4] [5] that includes the putative serine-threonine kinase Fused (Fu) and the kinesin Costal 2 (Cos2, also known as Cos), yet Fu does not have a conserved role in Hh signalling in mammals 6, 7 . Mouse Fu (also known as Stk36) mutants are viable and seem to respond normally to Hh signalling. Here we show that mouse Fu is essential for construction of the central pair apparatus of motile, 912 cilia and offers a new model of human primary ciliary dyskinesia. We found that mouse Fu physically interacts with Kif27, a mammalian Cos2 orthologue 8 , and linked Fu to known structural components of the central pair apparatus, providing evidence for the first regulatory component involved in central pair construction. We also demonstrated that zebrafish Fu is required both for Hh signalling and cilia biogenesis in Kupffer's vesicle. Mouse Fu rescued both Hh-dependent and -independent defects in zebrafish. Our results delineate a new pathway for central pair apparatus assembly, identify common regulators of Hh signalling and motile ciliogenesis, and provide insights into the evolution of the Hh cascade.
To further investigate the role of Fu in mammalian Hh signalling, we addressed whether Hh-dependent Smo localization to the primary cilium is affected in the absence of Fu. Primary cilia, which have a '910' arrangement of nine outer doublet microtubules, are required for Hh responses and contain several Hh pathway components 2, 9 . We found that Fu 2/2 mouse embryonic fibroblasts formed primary cilia normally, trafficked Smo to the primary cilium in response to Hh ligand, and exhibited a typical Gli transcriptional response (Supplementary Figs 1, 2 and data not shown). This suggests that the single mammalian Fu orthologue is dispensable for Hh signalling. To explore the function of Fu in mice, we examined its expression in postnatal tissues by in situ hybridization. The Fu transcript was strongly expressed in the respiratory epithelium, the ependymal lining of the ventricles in the brain, and in the oviduct and testis (Fig. 1a-c and data not shown). These expression patterns are reminiscent of genes involved in the biogenesis of motile cilia, which function in these tissues to propel mucus, fluid and cells. In contrast to the primary cilium, the classical '912' motile cilium consists of nine outer doublet microtubules and two singlet central pair microtubules 10 . The central pair apparatus has a crucial involvement in regulating ciliary motility, but its formation is poorly understood because the centriole-derived basal body, from which the cilia axoneme extends, does not provide a template for central pair outgrowth. Disruption of human motile cilia function leads to primary ciliary dyskinesia, which is associated with recurrent respiratory infection, hydrocephalus and infertility [11] [12] [13] . To determine whether motile cilia function is compromised in Fu 2/2 mice, we studied cilia axonemal ultrastructure by transmission electron microscopy. In wild-type animals, over 99% of tracheal and ependymal motile cilia showed a typical 912 configuration (Fig. 1d, 14 ( Supplementary Fig. 4 ). Our findings indicate that mammalian Fu is dispensable for Hh signalling and specifically participates in the generation of the central pair apparatus in motile cilia axonemes.
Mice lacking functional Fu are born with no obvious phenotype, but they fail to thrive in comparison with wild-type or heterozygous littermates and die before postnatal day (P) 21 (refs 6, 7) . To determine the functional consequences of central pair apparatus loss in Fu 2/2 animals, we examined fluid flow in tracheal explants. Analysis of fluorescent bead movement showed strong distal-proximal directional flow in wild-type explants, whereas beads overlaid on Fu 2/2 tracheae showed severely impaired velocity and little to no directional movement (Fig. 1g-i and Supplementary Movies 1 and 2). We next determined whether elimination of the central pair apparatus in Fu 2/2 animals disrupted cilia motion. In wild-type tracheae, cilia beat in a linear path with a quick forward power stroke and a slower recovery stroke 15 ( Fig. 1j and Supplementary Movies 3 and 5). Most Fu 2/2 cilia moved stiffly and had a markedly reduced stroke amplitude; a subset were either immotile or beat in a slow, circular motion ( Fig. 1k and Supplementary Movies 4 and 6). In contrast to wild-type motile cilia, which beat coordinately to produce a metachronic wave 16 , cilia in Fu 2/2 animals that beat seemed disoriented with respect to their neighbours ( Fig. 1k and Supplementary Movies 4 and 6). This prompted us to investigate whether cilia orientation, specified by a basal body accessory structure known as the basal foot, was perturbed 17, 18 . In wild-type tracheae, basal feet were properly aligned with each other (Fig. 1m) . In Fu 2/2 mutants, basal feet were disoriented and frequently pointed at right angles or antiparallel to one another (Fig. 1n) , and the circular standard deviation of cilia orientation within a given cell was significantly higher (Fig. 1l) . Loss of the central pair apparatus in Fu 2/2 mice thus eliminated directional fluid flow, resulting from uncoordinated ciliary beating and global disorganization of cilia polarity.
We proposed that Fu in different metazoan species might participate in both Hh signalling and ciliogenesis. We examined the role of Fu in zebrafish because fu (also known as stk36) morphants exhibit mild Hhdependent somite phenotypes 19 . By delivering a higher concentration of fu morpholino, we observed stronger Hh phenotypes, including cyclopia and loss of lateral floor plate (Fig. 2a, b, d , e, Supplementary  Fig. 5 and data not shown), similar to smo mutants 20 . Knockdown of zebrafish fu activity greatly reduced patched1 (ptc1) expression in somites, suggesting disruption of Hh responses (Fig. 2g, h ). The Hh-dependent muscle pioneer population, marked by the expression of engrailed 1a and 1b (eng1a and eng1b), was lost (Fig. 2j, k) , and fu morphants developed U-shaped instead of chevron-shaped somites (Fig. 2m, n) . In ptc1 morphants, Hh target genes are upregulated cell autonomously (Fig. 2p , q and Supplementary Fig. 10 ) 19 . Upregulation of Hh target genes is abolished in ptc1;fu double morphants (Fig. 2r) , indicating that fu functions cell autonomously in Hh-responsive cells to control Hh signalling. Taken together, these results provide convincing evidence for an integral role of Fu in the zebrafish Hh pathway. We then addressed whether mouse Fu compensated for loss of zebrafish Fu. Surprisingly, co-injection of mouse Fu messenger RNA and zebrafish fu morpholino rescued all Hh phenotypes, including restoration of ptc1 expression, lateral floor plate formation, muscle pioneer differentiation and somite shape (Fig. 2c , f, i, l, o, Supplementary Fig. 5 and data not shown). In contrast, co-injection of Drosophila fu mRNA and the zebrafish fu morpholino failed to rescue Hh phenotypes (data not shown). Thus, mouse Fu retains the necessary information to participate in the fish Hh pathway, indicating that a common mechanism underlies critical aspects of Hh signalling and motile ciliogenesis. Fu may have an ancient, conserved role in regulating microtubule or motile cilia function because the genomes of many organisms, including plants and flagellated unicellular eukaryotes, contain genes encoding a highly conserved Fu kinase domain 21 ( Supplementary Fig. 8 ). To test this idea, we examined Fu expression in different species by in situ hybridization and found strong expression in the chick tracheal epithelium and the oviduct and testis of Xenopus tropicalis (Fig. 3a, b and data not shown), in a pattern similar to mouse Fu. We then focused on zebrafish, which use 912 motile cilia on the surface of Kupffer's vesicle to generate a anticlockwise flow essential for establishment of left-right asymmetry 22 . If zebrafish Fu also participates in 912 cilia biogenesis, we reasoned that left-right asymmetry would be disrupted. We examined the positioning of the heart and visceral organs by cardiac myosin light chain 2 (cmlc2, also known as myl7) and fork head domain protein 2 (fkd2, also known as foxa3) expression, respectively. In contrast to zebrafish smo mutants, in which disrupted Hh signalling does not perturb left-right asymmetry 20 ( Fig. 3c) , 41% of fu morphants had reversed or midline hearts (Fig. 3d-f) , whereas 30% of injected embryos had abnormal positioning of the gut, liver and pancreas ( Supplementary Fig. 11 ). To investigate whether Fu is required for the early establishment of asymmetric gene expression in the left lateral plate mesoderm, we studied the expression pattern of southpaw (spaw) and paired-like homeodomain transcription factor 2 (pitx2) in fu morphants. In 73% of fu morphants, spaw was found to be on the right side, bilateral, or absent in the lateral plate mesoderm (Fig. 3g-i) . Similarly, 71% of fu morphants had markedly reduced or absent pitx2 staining in the lateral plate mesoderm (data not shown). Co-injection of mouse Fu, but not Drosophila fu, with fu morpholino was sufficient to restore left-right asymmetry (Fig. 3f, i and data not shown).
To confirm a direct role for Fu in regulating Kupffer's vesicle function, we injected fluorescein-labelled fu morpholino into dorsal forerunner cells 23 , which migrate at the leading edge of the embryonic shield to produce Kupffer's vesicle. Forty-four per cent of embryos with a strong fluorescent signal in the dorsal forerunner cells developed cardiac laterality but not somite defects (data not shown), indicating that the knockdown of fu in Kupffer's vesicle accounts for the left-right asymmetry defects. Kupffer's vesicle cilia in fu morphants had disorganized axonemal structures, including loss and acquisition of extra central pair microtubules (Fig. 3j-l Defects in establishing an anticlockwise flow in fu morphants were rescued by mouse Fu (Supplementary Movie 9) . Taken together, the data strongly support a conserved, Hh-independent role of Fu in vertebrate 912 cilia biogenesis (Fig. 3p) .
The process of central pair construction is poorly characterized and Fu is the first regulatory component known to control its assembly. To determine how Fu might control this process, we tested the ability of Fu to interact with Spag6 (also known as Pf16) and Spag16 (Pf20), evolutionarily conserved components of the central pair apparatus 24, 25 . When expressed in HEK 293T cells, Fu-Flag efficiently coimmunoprecipitated Spag16-haemagglutinin (HA), but not Spag6-HA (Fig. 4a) . Notably, Spag16 localizes to the sperm central pair apparatus 26 , and its Chlamydomonas orthologue Pf20 decorates the C2 microtubule along the intermicrotubule bridges between central pair microtubules 27 . This suggests a direct role for Fu in the assembly or maintenance of the central pair apparatus.
In fly, Fu binds to the kinesin Cos2 to transduce the Hh signal downstream of Smo. We examined whether mouse Fu bound to the mouse Cos2 orthologues Kif7 and Kif27. When expressed in HEK 293T cells and mouse tracheal epithelial cells (MTECs), Fu-Flag bound strongly to Kif27-Myc, but not to Kif7-Myc (Fig. 4b and data  not shown) , implicating Kif27 in the generation or regulation of 912 cilia. We expressed Kif27-green fluorescent protein (GFP) in MTECs by lentiviral infection and assessed its localization throughout MTEC differentiation induced by the creation of an air-liquid interface. During this process, hundreds of centrioles migrate to the apical surface of the cell, dock with the membrane to form basal bodies, and act as templates for the outgrowth of the outer microtubule doublets of the ciliary axoneme 28 . At air-liquid interface days 0 and Motile cilia function . Arrow indicates sites of Fu expression. c, Whole mount in situ hybridization to cmlc2 (purple signal) in smo hi1640Tg fish embryos at 24 h.p.f. View is dorsal. L, left; R, right. d, e, Whole-mount in situ hybridization to cmlc2 in wild-type (d) and fu morphants (MO; e) at 24 h.p.f. View is dorsal. f, Summary of cardiac laterality defects in wild type (n 5 206), fu morphants (n 5 130), and fu morphants rescued with mouse Fu (n 5 134). M, medial. g, h, Whole mount in situ hybridization to spaw at the 15-somite stage. View is dorsal. i, Summary of spaw expression in the lateral plate mesoderm in wild type (n 5 116), fu morphants (n 5 92), and fu morphants rescued with mouse Fu (n 5 73). A, absent; B, bilateral. j, k, Electron micrograph of Kupffer's vesicle cilia from wild type (j) and a fu morphant (k). l, Quantification of ultrastructural defects in Kupffer's-vesicle cilia from wild type and fu morphants. Error bars indicate s.d. m, n, Whole mount in situ hybridization to cmlc2 in wild-type and kif7 morphants at 24 h.p.f. View is dorsal. o, Summary of cardiac laterality defects in wild-type (n 5 87) and kif7 morphants (n 5 109). p, Summary of essential Fu, Cos2 and Kif27 functions in metazoan model organisms. Original magnification, 340 (a, b), 380 (c-e, m, n), 3105.6 (g, h) and 3100,000 (j, k).
5, Kif27-GFP punctae were associated with centrioles as determined by c-tubulin staining (Supplementary Fig. 6 ). Kif27-GFP associated with the base of the cilium after axoneme outgrowth (Fig. 4c-h ). FumCherry was broadly distributed in the cytoplasm of MTECs throughout differentiation, overlapping with Kif27 ( Supplementary  Fig. 6 ). Fu and Kif27 expression are upregulated during MTEC differentiation, consistent with their essential roles in motile ciliogenesis ( Supplementary Fig. 7 ). Efforts to demonstrate Fu kinase activity in vitro have not been successful, suggesting the requirement of a special microenvironment for its activity. We speculate that Fu has several substrates, some of which could reside in the cytoplasm and control central pair assembly indirectly (Fig. 4i) . Our data favour a model in which Kif27 and/or Spag16 directs the localization or activity of Fu for central pair construction (Fig. 4i) .
Despite the non-essential role of Fu in mammalian Hh signalling, the protein retains an interaction with the Cos2 orthologue Kif27. Analysis of Cos2, Kif7 and Kif27 sequences indicates that the Kif7 and Kif27 genes may have arisen by a duplication event ( Supplementary  Fig. 9 ). The four fish species examined do not contain an obvious Kif27 orthologue, suggesting either that Kif27 was lost after gene duplication, or that the duplication event occurred after divergence of the fish and amphibian lineages. Supporting the latter, morpholino knockdown of kif7 in zebrafish (z) resulted in both Hh-specific phenotypes and disruption of left-right asymmetry (Fig. 3m-o and data not shown), indicating a dual role for Kif7 in Hh signalling 29 and motile ciliogenesis, similar to zFu which co-immunoprecipitates with zKif7 ( Supplementary Fig. 12 ). There are conflicting reports on the roles of Kif7 and Kif27 in vertebrate Hh signalling 29, 30 ; on the basis of data here, we predict that Kif27 does not have a vital role in mammalian Hh signal transduction, and mice lacking functional Kif27 may have phenotypes similar to Fu. We speculate that Fu has evolved or retained its function in central pair assembly in vertebrates, and that duplication of ancestral Cos2 in the vertebrate lineage led to the partition of functions for Kif7 and Kif27, while Kif27 retained its partnership with Fu (Fig. 3p) . Although the requirement of Fu-like activity in mammalian Hh signalling is unproven, if it exists it is probably compensated for by an unrelated kinase ( Supplementary  Fig. 8) . Alternatively, the involvement of the primary cilium as a scaffold for Hh pathway components in mammals could circumvent the need for a Fu-kinesin complex. Consistent with the notion of evolutionary changes in Hh pathway design in different species, Su(fu), a component of the cytoplasmic signalling complex, is dispensable for fly viability, plays a minor role in zebrafish Hh signalling and becomes an important negative regulator in mice 2 . Further analysis of Fu and Kif27 function in ciliogenesis and Hh signalling in diverse species will provide further insight into the evolution of this critical signalling pathway.
METHODS SUMMARY
Transmission electron microscopy. Mouse tissue was fixed in 3% glutaraldehyde, 1% paraformaldehyde, 0.1 M sodium cacodylate, pH 7.4, at 4 uC overnight. Fish embryos were fixed in 2% paraformaldehyde, 2% glutaraldehyde (electronmicroscopy grade) at room temperature for 2 h. Standard processing, embedding and sectioning procedures were followed. Samples were examined on a JEOL 100CX or JEM-1230 transmission electron microscope. Basal foot polarity. The orientation and circular standard deviation of basal feet in electron microscopy micrographs was calculated as described 18 . Circular statistics were calculated using Oriana 2.0 (Kovachs Computing Services). Tracheal flow assays. Tracheae from P14 wild-type and Fu 2/2 mice were excised, cleaned of muscle and vasculature, opened longitudinally, and placed in a drop of PBS on a glass slide. Five microlitres of a 0.01% solution of Fluospheres (Invitrogen) were added on top of a single trachea to visualize the direction of ciliary flow. Images were acquired using a SPOT 2.3 camera connected to a Nikon E1000 epifluorescence microscope. Images were captured at a rate of 26 frames per second (f.p.s.) over a 50 mm 3 50 mm area and were saved as .tiff stacks. Movies were examined in NIH Image J using the enhancing feature of the SpotTracker plugin (D. Sage and S. Gasser) to optimize sphere intensity, and the MtrackJ plugin (E. Meijering, Biomedical Imaging Group, University Medical Center, Rotterdam) to trace the direction and path length of the sphere. Average velocity was taken to be the straight-line distance a particle travelled from its originating point divided by time, and was calculated in Microsoft Excel. 
